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Abstract
At the end of 2015 two collaborations ATLAS and CMS reported
the diphoton excess at the invariant mass 750 GeV. In this work
we consider the extension of the Standard Model where this peak
can be explained. This model involves a heavy scalar particle and
a light scalar particle (axion) that come from the Peccei-Quinn
symmetry breaking. Using different experimental data we find
the allowed parameter space of the model. We study the
possibility to search for the light axion of this model at the
intensity frontier experiments and show that, unfortunately, SHiP
and NA62 experiments will not be sensitive to the model. At the
end we show that this model of 750 GeV excess can be falsified at√
s = 13 TeV LHC run. We make quantitative predictions for new
decay channels involving gauge bosons and one photon plus
missing energy.
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Chapter1
The Standard Model
1.1 Introduction
The Standard Model of particle physics is a theory that combine three
(electromagnetic, weak and strong) of four fundamental forces together.
The pioneers in the development of this model was Glashow, Salam and
Weinberg in the middle of sixtieth. During the next 30 years the model was
successfully tested. It was found W and Z bosons with the expected prop-
erties. Experimentally it was confirmed the existence of quarks. Then it
was discovered the Higgs boson that increased confidence in the model.
The Standard Model includes (Fig. 1.1) fermions, gauge bosons and the
Higgs boson. There are 12 elementary particles (antiparticles) with spin
1/2 called a fermions. This group involves six leptons (electron, electron
neutrino, muon, muon neutrino, tau, tau neutrino) and six quarks (up,
down, charm, strange, top, bottom). Quarks can not exist independently,
in contrast to leptons. This phenomena is called color confinement. Thus
quarks can not be observed as a free particle, they can be found only in
some combination like mesons (quark and antiquark) and baryons (three
quarks).
The word ”quark” was appeared in the novel ”Finnegans Wake”, written
by the Irish author James Joyce. The protagonist of the book is named
Humphrey Chimpden Earwicker. He dreams that he is serving beer to a
drunken seagull. Instead of asking for ”three quarts for Mister Mark” the
inebriated bird says ”three quarks for Muster Mark”. In this way the word
”quark” appeared in the physics community.
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The other particles, that have spin 1/2 are called leptons. From Greek
the word lepton means small, delicate or lightweight. At the beginning it
was considered that leptons are ”light” particles comparing to hadrons
(”heavy”). But in 1975 it was discovered the tau lepton and the word
”light” has lost its meaning.
Next let us go to bosons. All bosons have integer spin. The bosons play
role in three of the four fundamental forces — electromagnetism, the strong
force, and the weak force (gravity is not included in the standard model).
These bosons are called gauge bosons. As we will see latter, each boson
associated with some force: photon for electromagnetism, gluons for the
strong force, and the W and Z bosons for the weak force.
In the standard model all particles are massless. The interaction that gives
mass to elementary particles is called the Higgs mechanism and the particle
that mediates the interaction is called the Higgs boson. The scalar field that
is added to the Lagrangian to generate the masses to the fermions and
vector bosons is the Higgs field.
Figure 1.1: The Standard Model of elementary particles.
The standard model is a successful model of elementary particles, how-
ever it does not describe some phenomena such as dark matter, dark en-
ergy, neutrino oscillations and baryogenesis.
2
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1.2 Gauge Transformation
The symmetries play an important role in physics. As it happens, all in-
teractions between the fundamental particles can be described using the
principle of local gauge invariance. In this section we show an examples of
local gauge invariance in the electrodynamics and in the electroweak part
of the Standard Model .
1.2.1 Gauge invariance in the electrodynamics
Let us start from the free Dirac Lagrangian
LΨ = Ψ¯(i∂µγµ −m)Ψ. (1.1)
The Lagrangian is clearly not invariant under the local gauge transforma-
tion
Ψ′ → e−iα(x)Ψ (1.2)
because of the term ∂µΨ.
Thus, we need to modify the partial derivative to save the invariance
∂µ → Dµ = ∂µ − ieAµ, (1.3)
where e is the charge of the electron and the vector field Aµ transforms in
the following way
A′µ = Aµ +
1
e
∂µα. (1.4)
The strength tensor is defined as
Fµν =
i
e
[Dµ, Dν]. (1.5)
The main property of the strength tensor (1.5) is its invariance under the
vector field transformation (1.4). In the abelian theory we can express the
strength tensor in terms of the vector field Aµ as
Fµν = ∂µAν − ∂νAµ. (1.6)
The kinetic term can be construct from the strength tensors as
Lkin = −14 FµνF
µν. (1.7)
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This Lagrangian describes the free electromagnetic field.
Summing up, the gauge Lagrangian of the electrodynamics is
Lgauge = −14 FµνF
µν + Ψ¯(iDµγµ −m)Ψ . (1.8)
This is an example of the abelian gauge theory.
It is needed to stress that the mass term m2AµAµ for the vector field is not
gauge invariant, so we can not add it to the gauge Lagrangian.
1.2.2 Electroweak gauge group of the Standard Model
Let us consider the electroweak group of the standard model
SU(2)L ⊗U(1)Y . (1.9)
In the Standard Model there are two types of fermion fields: left and right.
The right fermion field is a singlet and do not transform under SU(2)
transformation. The left fermion field is a doublet which transform under
SU(2) transformation. The covariant derivatives for these left and right
fermion fields are
DL → ∂µ + i g2τ
iW iµ − i
g′
2
Bµ, (1.10)
DR → ∂µ − ig′Bµ, (1.11)
where the gauge fields corresponding to each generator are
SU(2)L →W1µ, W2µ, W3µ, (1.12)
U(1)Y → Bµ. (1.13)
The strength tensors for the gauge fields construct as in the case of the
abelian theory (1.5). The results are
W iµν ≡ ∂µW iν − ∂νW iµ + geijkW jµWkν , (1.14)
Bµν ≡ ∂µBν − ∂νBµ, (1.15)
where eijk is completely anti-symmetric tensor and g is the coupling con-
stant.
4
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Now we are able to write the Lagrangian for the electroweak part of the
Standard Model,
LEW = Ψ¯Ri /DRΨR + Ψ¯Li /DLΨL − 14W
i
µνW
i µν − 1
4
BµνBµν . (1.16)
Let us notice that it is impossible to add mass terms to the fermion fields,
as it should be in the form m(Ψ¯LΨR + Ψ¯RΨL), but the left fermion field ΨL
is a doublet and the right fermion field ΨR is a singlet. So its product is not
a scalar and thus it can not be a term of the Lagrangian.
Version of May 31, 2016– Created June 2, 2016 - 14:05
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1.3 The Higgs Mechanism
In the previous section (1.2) we have seen that the mass terms are not gauge
invariant and that is why we are not allowed to add these terms to the La-
grangian. However, we know that some fundamental particles are mas-
sive. Thus, in this section we introduce the Higgs mechanism, which lets to
add mass terms to the Lagrangian without explicit breaking of the gauge
invariance. We start from the abelian Higgs mechanism as the simple ex-
ample and than we consider how the Higgs mechanics works in the elec-
troweak Standard Model.
1.3.1 The abelian Higgs mechanism
Let us consider the complex scalar Lagrangian
L = ∂µφ∗∂µφ−V(φ∗φ), (1.17)
where the potential is
V(φ∗φ) = µ2φ∗φ+ λ(φ∗φ)2, (1.18)
with λ > 0.
It is needed to stress that the Lagrangian (1.17) is invariant under the
global transformation
φ→ e−iθφ. (1.19)
We redefine the complex scalar field in terms of two real fields
φ =
(φ1 + iφ2)√
2
, (1.20)
and the Lagrangian (1.17) becomes
L = 1
2
(∂µφ1∂
µφ1 + ∂µφ2∂
µφ2)−V(φ1, φ2), (1.21)
which is invariant under SO(2) transformation.
The next step is to require a invariance under the local transformation
φ→ eiqα(x)φ. (1.22)
6
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To make the Lagrangian (1.17) invariant under the local transformation
(1.22), we need to introduce a gauge boson Aµ and the covariant derivative
Dµ
∂µ → Dµ = ∂µ − ieAµ, (1.23)
Aµ → A′µ = Aµ +
1
e
∂µα. (1.24)
We have two possible forms of the potential, depending on the sign of the
parameter µ2.
• µ2 > 0
The vacuum is at
φ1 = φ2 = 0. (1.25)
It means that we have two scalar fields φ1 and φ2 with mass µ2.
• µ2 < 0
The vacuum is √
φ21 + φ
2
2 =
−µ2
2λ
≡ v
2
2
. (1.26)
The spontaneous symmetry breaking occurs for µ2 < 0. Indeed, when we
choose a particle vacuum, the SO(2) symmetry is spontaneously broken.
Let us choose the vacuum in the following form
φ1 = v,
φ2 = 0.
Introducing a small perturbations of the fields φ1 and φ2
φ′1 = φ1 + v,
φ′2 = φ2,
and the Lagrangian (1.17) becomes
L = 1
2
∂µφ
′
1∂
µφ′1 + µ
2φ′21 +
e2µ2
2
(
Aµ +
1
eµ
∂µφ′2
)2
+ interaction terms.
(1.27)
If we introduce new field Bµ in the following way
Bµ = Aµ +
1
eµ
∂µφ′2, (1.28)
than we see that this field Bµ is massive. As we can see, the field φ′1 also
has mass
√−2µ2.
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1.3.2 The non-abelian Higgs mechanism
From the experiment we know the masses of the gauge bosons W and Z.
In this section we will show the origin of these masses and how it could
derive from the scalar Lagrangian. Also we will show that the photon
remain massless.
Let us start from the scalar Lagrangian
Lscalar = ∂µΦ†∂µΦ−V(Φ†Φ), (1.29)
where Φ is the scalar doublet
Φ ≡
(
φ+
φ0
)
. (1.30)
The potential is
V(Φ†Φ) = µ2Φ†Φ+ λ(Φ†Φ)2, (1.31)
with λ > 0.
We assume that the scalar Lagrangian should be invariant under SU(2)L⊗
U(1)Y. It means that we need to introduce the covariant derivative in the
following form
∂µ → Dµ = ∂µ + igτ
i
2
W iµ + i
g′
2
Bµ . (1.32)
We break the original symmetry SU(2)L ⊗U(1)Y to U(1)EM choosing the
vacuum expectation value as
Φ0 =
(
0
v/
√
2
)
, (1.33)
where
v =
√
−µ
2
λ
. (1.34)
Substituting it into the scalar Lagrangian we get
Lscalar =
∣∣∣∣(∂µ + igτi2 W iµ + ig′2 Bµ
)
(v + H)√
2
(
0
1
)∣∣∣∣2
− µ2 (v + H)
2
2
− λ (v + H)
4
4
. (1.35)
8
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Let us define the charged gauge bosons as
W±µ =
1√
2
(W1µ ∓ iW2µ). (1.36)
From the Lagrangian (1.35) we get non diagonal mass terms for the fields
W3µ and Bµ. Thus we need to diagonalize the mass matrix firstly. As a
result we obtain the physical fields Aµ and Zµ(
Aµ
Zµ
)
=
(
cosθW sinθW
−sinθW cosθW
)(
Bµ
W3µ
)
, (1.37)
where θW is the Weinberg angle is defined in terms of the SU(2) and U(1)
coupling constants
cosθW =
g√
g2 + g′2
, (1.38)
sinθW =
g′√
g2 + g′2
. (1.39)
As we would like to get the Lagrangian in terms of the fields which we
can observe experimentally, with the proper charge and mass, we need
to rewrite the gauge fields for the generators in terms of W±µν, Aµ and Zµ.
These fields, as we will see later, are physical fields corresponding to W
boson, Z boson and photon respectively.
One can rewrite the Lagrangian (1.35) it in terms of the fields W± and Z
bosons and get the masses of these bosons.
Lscalar =
∣∣∣∣∣∣∣∣

(
ig
W1µ
2 + g
W2µ
2
)
(v+H)√
2
∂µH√
2
−
(
ig
W3µ
2 − ig′
Bµ
2
)
(v+H)√
2

∣∣∣∣∣∣∣∣
2
−
− µ2 (v + H)
2
2
− λ (v + H)
4
4
=
=
1
2
H2M2H +
1
2
W+µ W
− µM2W +
1
2
ZµZµM2Z
+
(∂µH)2
2
+
µ4
4λ
− H3
√
−µ2λ2 − H4λ
4
+
g2
4
(2Hv + H2)
(
W+µ W
− µ + 1
2cos2θW
ZµZµ
)
,
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where MH =
√−2µ2, MA = 0, MW = gv2 and MZ = gv2 cosθW .
As we can see the photon remains massless. The reason is that from the
spontaneous symmetry breaking we obtain three Goldstone bosons, thus
three gauge bosons get masses and one does not.
Finally, combining this result with the Standard Model gauge fields La-
grangian (see appendix B), the structure of the SM Lagrangian for the
scalar and gauge fields is
Lgauge + Lscalar = −14 FµνF
µν − 1
2
W+µνW
− µν − 1
4
ZµνZµν
+
1
2
H2M2H +
1
2
W+µ W
− µM2W +
1
2
ZµZµM2Z +
(∂µH)2
2
+ W+W−A + W+W−Z + W+W−ZZ + W+W−AA
+ W+W−ZA + W+W−W+W−
+ HHH + HHHH + W+W−HH
+ W+W−H + ZZHH + ZZH (1.40)
As one can see all parameters in the SM Lagrangian for gauge and scalar
fields depends only on four constants — µ, g, g′ and v. It is highly non triv-
ial prediction and it is entirely consistent with all available experimental
data.
10
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1.4 The Standard Model Phenomenology
1.4.1 Introduction
In this ”warm-up” section we will remind how to use the Lagrangian of
the Standard Model expressed in terms of physical fields γ, Z and W to
calculate physical observables. In sections 1.4.2 and 1.4.3 we will calcu-
late decay width of W and Z bosons and compare them with experimental
values. In section 1.4.4 we show how the mass of the Higgs boson can
be constrained from the requirement of tree-level unitarity in W, W scat-
tering. In section 1.4.5 we study decay channels of the Higgs boson in
the Standard Model. This analysis of the SM phenomenology will be in-
structive for the attempts to identify an extension of the SM that could
be responsible for the reported access in di-photon signal. Although this
signal still has to be confirmed, it provides and interesting possibility for
Beyond Standard Model model building. This will be the main subject of
the current thesis.
1.4.2 W-boson decay width
W−, p1
e−, k2
ν, k1
Figure 1.2: Feynman diagram the W boson decay into a neutrino and an electron.
The matrix element for this process is
iM = us1(k2) g√
2
γµ
(
1− γ5
2
)
vs2(k1)eµ,r(p1). (1.41)
Averaging over the spins and polarizations of the final state and neglect-
ing the mass of the electron, we compute the square of the matrix ele-
Version of May 31, 2016– Created June 2, 2016 - 14:05
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ment
|M|2 = g
2
24
Tr
[
γµ(1− γ5)/k1γν(1− γ5)(/k2 −Me)
(
−gµν + p
µ
1 p
ν
1
M2W
)]
=
=
g2
24M2W
Tr[γµ(1− γ5)/k1γν(1− γ5)(/k2 −Me)pµ1 pν2]
− g
2
24
Tr[gµνγµ(1− γ5)/k1γν(1− γ5)(/k2 −Me)] =
=
g2
24
{16(k1 · k2) + 8/M2W [2(k1 · p)(k2 · p)− (k1 · k2)p21]} =
g2M2W
3
The decay width for the process when a particle of mass M decays into 2
particles of masses m1 and m2, is given by
dΓ =
1
32pi2
|M|2 |k1|
M2
dΩ, (1.42)
where |k1| = [(M2 − (m1 + m2)2)(M2 − (m1 − m2)2)]1/2/2M and dΩ is
the solid angle. In our case it leads to
ΓW→νe =
g2MW
48pi
. (1.43)
Computing the decay width, we obtain the value ΓW→νe = 0.227 GeV.
Due this channel the W boson decay with 10.75% probability [16], so the
full decay width is equal to ΓtheoryW = 2.112 GeV. Our result is consistent
with the experimental value ΓexpW = 2.085± 0.042 GeV.
1.4.3 Z-boson decay width
Without any difficulties, one can find the matrix element
iM = us1(p1)
[
− ig
2 cosθW
γµ(v f − a fγ5)
]
vs2(p2)eµ,r(k), (1.44)
The axial and the vector coupling a f and v f defined as,
v f = T3 − 2Qsin2θW , (1.45)
12
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Z, k
f, p1
f, p2
Figure 1.3: Feynman diagram for the Z boson decay into a fermion and an anti-
fermion pair.
a f = T3 , (1.46)
where Q = T3 + 12Y is the hypercharge.
The square of the matrix element, where we again average over the spins
and polarizations of the final state and neglect the mass of the fermion,
|M|2 = −g
2
12 cos2θW
Tr[γµ(v f − a fγ5)(/p2−M f )γµ(v f − a fγ5)(/p1−M f )] =
=
8g2
12 cos2θW
(a2f + v
2
f )(p1 · p2) =
g2
3 cos2θW
(a2f + v
2
f )M
2
Z.
Thus the decay width for the process Z → f f is given by
ΓZ→ f f =
g2
48pi cos2θW
MZ(a2f + v
2
f ) . (1.47)
The value of the constants a f and v f for the different fermion flavors are
f f pairs a f v f
ee, µµ, ττ -1/2 -0.06
uu, cc 1/2 0.21
dd, ss, bb -1/2 -0.35
νeνe, νµνµ, ντντ 1/2 1/2
The value of the decay width for the different fermion flavors are
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f f pairs Decay width(theory), GeV Decay width(experimental [16]), GeV
ee, µµ, ττ 0.086 0.084
uu, cc 0.30 0.29
dd, ss, bb 0.38 0.39
νeνe, νµνµ, ντντ 0.170 0.167
We see that our theoretical predictions are in good agreement with the
data. Comparing theoretical predictions and experimental values we can
constrain many possibilities to extend the SM. For example, we can con-
clude that there are no more SM-like generations of fermions. Indeed, if
a fourth generation existed, than the decay width would be large then in
the real world. The same we can say about the three colors of quarks,
the theory is consistent with the experimental date only for three colors of
quarks.
1.4.4 Bounds on the Higgs boson mass
The existence of the Higgs boson is necessary for the consistency of the
Standard Model. Namely, from the requirement of tree-level unitarity one
can obtain an upper bounds on the Higgs boson mass. Bellow we demon-
strate this analyzing WW scattering at tree level.
Using the Goldstone Boson Equivalence Theorem [19], which states that at
high energies the amplitude M for emission or absorption of a longitu-
dinally polarized gauge boson is equal to the amplitude for emission or
absorption of the corresponding Goldstone boson,
M(W±L , Z0L) ≈M(ω±, z0) +O(M2W,Z/E2). (1.48)
The scalar Lagrangian
Lscalar = ∂µΦ†∂µΦ−V(Φ†Φ) (1.49)
can be rewritten if we express the Higgs doublet in terms of ω± and z0,
Φ =
1√
2
(
i
√
2ω+
v + H − iz0
)
. (1.50)
14
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Thus the scalar Lagrangian in terms of ω± and z0 is
Lscalar = ∂µω−∂µω+ + 12∂µH∂
µH +
1
2
∂µz0∂µz0−
− µ2 1
2
[2ω−ω+ + (v + H)2 + (z0)2]
− λ1
4
[4(ω−ω+)2 + (v + H)4 + (z0)44ω−ω+(v + H)2+
+ 4ω−ω+(z0)2 + 2(v + H)2(z0)2] =
= ∂µω
−∂µω+ + 1
2
∂µH∂µH +
1
2
∂µz0∂µz0
− 1
2
H2M2H −
M2Hg
4MW
H[H2 + 2ω+ω− + (z0)2]−
− g
2M2H
32M2W
[H2 + 2ω+ω− + (z0)2]2
The structure of this Lagrangian shows immediately all needed interaction
and vertices,
Lscalar = ∂µω−∂µω+ + 12∂µH∂
µH +
1
2
∂µz0∂µz0
− 1
2
H2M2H −
M2Hg
4MW
(
HHH + 2 Hω+ω− + Hz0z0
)
− g
2M2H
32M2W
(
HHHH + 4 ω+ω−ω+ω− + z0z0z0z0
+ 4 HHω+ω− + 2 HHz0z0 + 4 z0z0ω+ω−
)
.
Now we are ready to compute the scattering ω+ω− → ω+ω−. There are
three possible cases:
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•
ω+, k1
ω−, k2
ω−, p1
ω−, p2
Figure 1.4: Feynman diagram for the ωω scattering.
The matrix element is
iM1 = − i2 g
2 M
2
H
M2W
. (1.51)
•
ω+, k1
ω−, k2
ω−, p1
ω−, p2
H, q
Figure 1.5: Feynman diagram for the ωω scattering via the Higgs boson.
The matrix element is
iM2 =
(
− i
2
g2
M2H
M2W
)2
i
(k1 − p1)2 −M2H
. (1.52)
16
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•
ω+, k1
ω−, k2
ω−, p1
ω−, p2
H, q
Figure 1.6: Feynman diagram for the ωω scattering via the Higgs boson.
The matrix element is
iM3 =
(
− i
2
g2
M2H
M2W
)2
i
(k1 + k2)2 −M2H
. (1.53)
Therefore the total matrix element is the sum of these three processes,
iM = − i
2
g2
M2H
M2W
+
(
− i
2
g2
M2H
M2W
)2(
i
(k1 − p1)2 −M2H
+
i
(k1 + k2)2 −M2H
)
.
(1.54)
Introducing the Mandelstam variables, which are defined by
s = (k1 + k2)2 = 2k1k2, (1.55)
t = (k1 − p1)2 = −2k1p1, (1.56)
the matrix element could be present as,
iM = − ig
2M2H
4M2W
(
2+
M2H
s−M2H
+
M2H
t−M2H
)
. (1.57)
At the high energies limit we obtain the following expression for the am-
plitudeM(W±L , Z0L) ≈M(ω±, z0)
|M| =
∣∣∣∣∣g2M2H2M2W
∣∣∣∣∣ . (1.58)
Unitarity requires, that the amplitude shoul be less than some constant,
|M| < 16pi. From this restriction we get the upper limit on the Higgs
mass,
4
√
2pi
GF
> M2H . (1.59)
Thus the upper limit on the Higgs Boson Mass is ∼ 1 TeV.
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1.4.5 The decay modes of the Higgs boson
Here we will compute the Higgs branching ratios, depending on the Higgs
mass, by considering the tree level diagrams for the possible decay modes
of the Higgs boson. At the tree level the Higgs boson interacts only with a
fermions, W± and Z bosons.
• H→ f f
H, q
f, k1
f, k2
Figure 1.7: Feynman diagram for the Higgs boson decay into a fermion and anti-
fermion pair.
The matrix element is
iM1 = v(k2)
(−igM f
2MW
)
u(k1), (1.60)
and the square of the matrix element is
|M1|2 =
g2M2f
4M2W
Tr[(/k1 −M f )(/k2 −M f )] =
=
g2M2f
4M2W
4(k1 · k2) =
g2M2f
2M2W
(M2H + 2M
2
f ). (1.61)
Here we are not able to neglect the mass of the fermion! So the decay
width is given by
Γ =
g2M2f
32piMH M2W
(M2H + 2M
2
f )
√
1−
(2M f
MH
)2
. (1.62)
If the Higgs boson is heavy enough, so it is possible to decay into the W±
and Z bosons,
18
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• H→W+W−
H, q
W+, k1
W−, k2
Figure 1.8: Feynman diagram for the Higgs boson decay into the W+ and W−
bosons.
The matrix element and the square of the matrix element are,
iM2 = eµ(k1)eν(k2)igMW gµν, (1.63)
|M2|2 = g2M2W
(
2+
(M2H − 2M2W)2
4M4W
)
. (1.64)
Thus, the decay width is
Γ =
g2M2W
16piMH
(
2+
(M2H − 2M2W)2
4M4W
)√
1−
(
2MW
MH
)2
. (1.65)
• H→ Z0Z0
H, q
Z, k1
Z, k2
Figure 1.9: Feynman diagram for the Higgs boson decay into two Z bosons.
The only difference of this process with H → W+W− is the coupling con-
stant, so
iM3 = eµ(k1)eν(k2) igcosθW MZg
µν, (1.66)
|M3|2 = g
2M2Z
cos2θW
(
2+
(M2H − 2M2Z)2
4M4Z
)
, (1.67)
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with the decay width
Γ =
g2M2Z
32piMHcos2θW
(
2+
(M2H − 2M2Z)2
4M4Z
)√
1−
(
2MW
MH
)2
. (1.68)
Let us demonstrate these results graphically, depending on the Higgs bo-
son mass for the different gauge bosons and fermion flavors.
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Figure 1.10: Predicted branching ratio of the Higgs boson at the tree level.
20
Version of May 31, 2016– Created June 2, 2016 - 14:05
1.4 The Standard Model Phenomenology 21
The precise calculation leads to the following dependence [20],
Figure 1.11: Predicted branching ratio of the Higgs boson including loop contri-
butions.
The vivid differences between our calculations (Fig. 1.10) and the precise
calculations with taking into account the loop contributions (Fig. 1.11) are
the following:
1. The behavior of the curves for ZZ and WW in the Higgses mass re-
gion between 100 and 200 GeV. It is because of the fact that our cal-
culation consider that Z and W should be real particles. Thus in our
calculations the Higgs with the mass lower that about 200 GeV can
not decay into these bosons, while in reality it can via virtual Z and
W bosons.
2. The presence of the decay channels into γγ and γZ. In the SM La-
grangian there not exist the vertices like Hγγ and HZγ. So at the
tree-level such decays are forbidden.
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Chapter2
Diphoton excess at the LHC
2.1 Overview of the Diphoton Excess
At the end of 2015 year two collaborations ATLAS [10] and CMS [9] re-
ported the excess in the diphoton resonance. From the data of proton-
proton collisions at the LHC at the center-of-mass energy
√
s = 13 TeV it
was observed an diphoton excess near the invariant mass 750 GeV. One of
the explanation of this signal is a new particle with spin zero or two (spin 1
is forbidden because of the Landau-Yang theorem). This signal has not been
confirmed as we do not have enough data.
Both experiments, ATLAS and CMS, were present the diphoton excess at
the center-mass-energy
√
s = 13 TeV.
The ATLAS collaboration reports the following numbers of events (see
table 2.1) in the interested region with the luminosity L = 3.2 fb−1 (see
appendix E) and the SM background. The local significance at the dipho-
ton invariant mass ∼ 750 GeV is 3.9σ and the global significance is 2.3 σ.
The local significance means the deviation from the expectation divided by
the standard deviation in the region of the resonance peak. The global
significance considers the Look Elsewhere Effect, i.e. with taking into ac-
count a probability of accidental fluctuations in the hole region of mea-
surements.
Bin, GeV 650 690 730 770 810 850
Nevents 10 10 14 9 5 2
Nbackground 11.0 8.2 6.3 5.0 3.9 3.1
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Figure 2.1: Invariant mass distribution of the selected diphoton events at ATLAS
detector.
With regards to CMS collaboration, they reported the results with 2.6 fb−1
for two distinct categories. In the first one both photons are detected in
the barrel (EBEB) and in the second one the first photon is detected in the
barrel and the other one is found in the end cap (EBEE). The numbers
of events in the interested region at the diphoton invariant mass around
750 GeV with the local significance 2.6σ and with the global significance
2σ, for both categories in presented below.
Bin, GeV 700 720 740 760 780 800
Nevents (EBEB) 3 3 4 5 1 1
Nbackground (EBEB) 2.7 2.5 2.1 1.9 1.6 1.5
Nevents (EBEE) 16 4 1 6 2 3
Nbackground (EBEE) 5.2 4.6 4.0 3.5 3.1 2.8
From the experimental data it is complicated to determine the resonance
decay width. The data from the ATLAS collaboration indicates the wide
decay width, while the CMS collaboration data favors the narrow decay
24
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Figure 2.2: Observed invariant mass spectrum for the EBEB at CMS detector.
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Figure 2.3: Observed invariant mass spectrum for the EBEE at CMS detector.
width. In this work we assume the wide decay width
Γ = 40 GeV . (2.1)
The experimental cross-section is defined as (see appendix D and E)
σ(pp→ s) = BR× N(pp→ s)/L, (2.2)
where N(pp→ s) is the number of events, L is a luminosity and BR is the
branching ratio.
In the paper [7] was analyzed the data for ATLAS (
√
s = 8 TeV with
20.3 fb−1 and
√
s = 13 TeV with 3.2 fb−1) and for CMS (
√
s = 8 TeV with
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19.7 fb−1 and
√
s = 13 TeV with 2.6 fb−1), and to be consistent with the
data we have some constraints for the ratio of the cross sections at differ-
ent energies:
σ(pp→ γγ) ≈

(0.5± 0.6)fb CMS[11] √s = 8TeV,
(0.4± 0.8)fb ATLAS[12] √s = 8TeV,
(6± 3)fb CMS[9] √s = 13TeV,
(10± 3)fb ATLAS[10] √s = 13TeV.
The data from 8 to 13 TeV are satisfy to each other at 2σ if the gain fac-
tor
r = σ13TeV/σ8TeV at least more than 5 [8] (2.3)
Combining four data sets (see table 2.1) and assuming the invariant mass
750 GeV and the decay width 40 GeV, one can get the best fit for the cross
section for the diphoton resonance at the invariant mass energy
√
s = 13
TeV,
σ(pp→ s)× BR(s→ γγ) ∼ 6 fb . (2.4)
Thus, while we are waiting for new data to justify or falsify the diphoton
excess, knowing some parameters, such as the number of events, the decay
width and the cross section, we are able to construct a theory which may
describe the resonance.
26
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2.2 A Simple Model
The toy model which could describe such resonance involves some heavy
scalar partial s with spin zero, decays into two photons [8]. The natural
question is: How this particle was produced? As we will see letter this par-
ticle can not produced only from photons. Indeed, if s is produced from
photons, we can calculate the cross section of s production, scales with the
energy. From this calculation, one can conclude that in this case a simi-
lar diphoton signal would be observed already at LCH run at 8 TeV! But
we did not find any signal above the background. Thus we assume that
the heavy scalar particle produced from gluons. In the end of this chap-
ter it will shown that the theory with only the gluons and photons also
contradict with the experimental data.
The corresponding Lagrangian is
L = LSM + Lint + Lkin, (2.5)
where LSM is the Lagrangian of the SM, Lint is the interaction Lagrangian
of the new scalar particle with gluons and photons, and Lkin its kinetic
Lagrangian.
In the next chapters we redefine Lint as L for the convenience.
Thus,
L = cgαs
12pi
s
Λ
GµνGµν +
2α
9pi
cF
s
Λ
FµνFµν , (2.6)
where cg and cF are the coupling constants, α and αs are the electroweak
force and the strong force coupling constants, Λ is some energy scale of a
new physics, which shows when our theory stops work.
The strength tensors for the gauge fields are
Gµν ≡ ∂µGν − ∂νGµ + cg[Gµ, Gν], (2.7)
Fµν ≡ ∂µFν − ∂νFµ. (2.8)
The cross section for A + B → R → C + D [15] scattering process is given
by
σ(s) = 32pi
2JR + 1
(2JA + 1)(2JB + 1)
ΓABΓCD
(s−m2) + m2Γ2 , (2.9)
where (2J + 1) is multiplicity of the particle, Γ is the total width, m is a
mass of a particle and
√
s is the invariant energy in the center of mass.
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We are interested in the proton-proton collisions with two photons in the
final state (Fig. 2.4). The cross-section σαα→s→γγ is described by formula
(2.9), where α is a type of the particle (in our case a gluon or photon).
s
γ
γ
p
p
α
α
Figure 2.4: Production of the heavy scalar particle from the proton-proton colli-
sion via α fusion.
To find out the full cross-section σpp→αα→s→γγ we need to use the Par-
ton Distribution Functions fα(x) (PDFs), where x is a Bjorken variable that
shows a fraction of proton’s momentum carried by the particle. With the
PDFs we are able to calculate the full cross-section by the formula
σpp→αα→s→γγ(s) = ∑
α=g,γ
1∫
0
dx1 fα(x1)
1∫
0
dx2 fα(x2)σαα→s→γγ(sαα). (2.10)
In the laboratory frame the particle α has the momentums
p1 = (x1
√
s/2, 0, 0, x1
√
s/2) and p2 = (x2
√
s/2, 0, 0, −x2
√
s/2).
Using the formula sαα = (p1 + p2)2 we find out relation between sαα
and s
sαα = x1x2s. (2.11)
We have the final result for the cross section
σpp→αα→s→γγ(s) = ∑
α=g,γ
1∫
0
dx1 fα(x1)×
×
1∫
0
dx2 fα(x2)
32pi
(2Jα + 1)2
ΓγγΓαα
(x1x2s−m2)2 + m2Γ2 , (2.12)
where Γ = Γgg + Γγγ = 40 GeV (2.1).
28
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To simplify this, let us use the delta-function approximation for the narrow
width, which is valid for m Γ (see appendix C),
dx
(x−m2)2 + m2Γ2
mΓ
pi
→ δ(x−m2)dx, (2.13)
and we get the following expression
σpp→s→γγ(s) = ∑
α=g,γ
1∫
m2/s
dx fα(x)
32pi
xs
pi
mΓ
fα
(
m2
sx
)
1
(2Jα + 1)2
ΓγγΓαα.
Rewriting the cross section in terms of the dimensionless partonic integrals
we get,
σpp→s→γγ(s) =
Γγγ
mΓs ∑α=g,γ
CααΓαα , (2.14)
where the partonic integrals are
Cgg =
pi2
8
1∫
m2/s
dx
x
fg(x) fg
(
m2
sx
)
, (2.15)
Cγγ = 8pi2
1∫
m2/s
dx
x
fγ(x) fγ
(
m2
sx
)
. (2.16)
The numerical values [8] of the partonic integrals are the following,
√
s, TeV Cgg Cγγ
8 174 11
13 2137 54
In particular, from the equation (2.14) one can find the value of the gain
factors (2.3) for the gluon and photon fusions as
rαα = σ13 TeV(pp→ αα→ s→ γγ)/σ8 TeV(pp→ αα→ s→ γγ),
Thus the gain factors for the gluon and photon fusions are
rgg = 4.7 and rγγ = 1.9 . (2.17)
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As we mentioned above (2.3), to satisfy the experimental data we need
r/5 ∼ 1. It means that s produces mainly via gluon fusion.
Using the equation for the cross section (2.14) and the fact that the new
heavy scalar particle with mass ∼ 750 GeV produces mainly via gluon
fusion with the cross-section σpp→s→γγ = 6 fb (2.4), we can find out Γgg
and Γγγ from the following system of equations

Γγγ
m
Γgg
m
≈ 1.2× 10−6 Γ
m
≈ 7.1× 10−8,
Γ
m
=
Γgg
m
+
Γγγ
m
≈ 0.06.
We find two solutions:
1. Γgg/m = 5.3× 10−2 and Γγγ/m = 1.3× 10−6,
2. Γgg/m = 1.3× 10−6 and Γγγ/m = 5.3× 10−2.
We chose the first one as we know, from the gain factor argument, that the
production from the photon fusion should be suppressed.
Thus,
Γgg/m = 5.3× 10−2 and Γγγ/m = 1.3× 10−6 . (2.18)
Next we will show why this solution can not be satisfactorily. From the
experiment [13] we have the constraint on the value of Γgg. It can not be
too large, as the process gg→ s→ gg is possible. If we want to produce the
new scalar particle from the gluons, we need to take into account that it de-
cays mainly into two gluons! Based on the data from CMS at
√
s = 8 TeV
we can find out the upper limit on the gluon-gluon production. From the
plot 2.5 at the energy 750 GeV we get the cross section
σ× BR(X → jj) ≤ 1.8pb, (2.19)
and from the formula (2.14) we find the upper limit on Γgg/m
Γgg
m
=
√
σ× BR(X → jj)Γs
mcgg
≤ 2.7× 10−3. (2.20)
It contradicts our theoretical prediction (2.18).
The decay width is too big. Too big means that the heavy scalar particle s
should interacts strongly with photons and gluons. Thus we reached the
30
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conclusion that this big decay width not because of gluons! So to try to
explain the resonance, we probe the simple model that involves only new
heavy scalar particle and the SM particles. But we convinced ourself that
any SM particles can not solve the problem with large decay width.
One way to solve this problem is to add a new light scalar particle, as one
can see in the next chapter.
Resonance Mass [GeV]
600 800 1000 1200
A 
[p
b]
×jj)
→
BR
(X
×
σ
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10
210
310
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Gluon-Gluon
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Quark-Quark
| < 1.3η ∆| < 2.5 & |η|
 (8 TeV)-118.8 fbCMS DataPreliminary
Figure 2.5: 95 % CL upper limits on σ× BR(X → jj) for a resonance decaying to
gg final states, gq final states, and qq final states.
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2.3 Diphotons from Diaxions
In this section we will consider the simple extension of the SM [2]. We
add some non-SM particle in the simple theory (2.2) in such way, that this
large decay width is because of this new particle. In this case we avoid the
contradiction with the experimental data that we have had before. We cal-
culate the productions and decays of the new particles (see sections (2.4)
and (2.5)). Than we test this theory and find the constraints on the param-
eters (see section (2.6)) by using the different experimental data.
Despite the fact that in the literature [2] it was discussed that the axion
can be searched at SHiP and NA62 experiments, we will show that it is
impossible.
The so-called axion-like particle (ALP) arises from the spontaneously sym-
metry breaking of a global U(1) Peccei-Quinn (PQ) symmetry by a com-
plex field φ
φ =
f + s√
2
e
ia
f . (2.21)
where f is the energy scale.
We expect the massive particle s and massless particle a (the Goldstone bo-
son), which comes from the Peccei-Quinn symmetry. If the Peccei-Quinn
symmetry is slightly broken, the axion becomes massive, but much lighter
that the heavy scalar particle s.
The Lagrangian for the generic interactions for the diphoton resonance
is
L = cgαss
12pi f
GµνGµν +
3αcγa
4pi f
eαβγδFαβFγδ + s
(∂µa)2
f
, (2.22)
where like in the simple model, cg and cF are the coupling constants, α and
αs are the electroweak force and the strong force coupling constants, f is
some scale constant with the dimension of the energy.
The first term in the Lagrangian (2.22) is the same as in the simple model
(2.6). The second term expresses how axions interacts with the photons.
The anti-symmetric tensor eαβγδ shows that a is the pseudo-field, which
means that in the mirror it is not the same. The last term in the Lagrangian
comes from the kinetic term of the field φ. That is why it does not have
coupling constants.
32
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Figure 2.6: Production of the heavy scalar particle from the proton collision and
its decay into two axions.
Thus in our model a heavy scalar particle s decays into two axions and
each axion decays into two photons (Fig. (2.6)). At the end we get four
photons, but we detect only two photons! How does it agree with the experi-
mental data? To solve this contradiction we assume that the axion-like par-
ticle is very light and very relativistic and photons from its decay are highly
collimated! Indeed, when the heavy scalar particle s decay into two very
light particles, each of them would have a large kinetic energy. And when
the light particle with a great kinetic energy decays into massless photons,
they are highly collimated, and the detector is unable to distinguish these
two photons from one photon. Thus we detect two photons, not four pho-
tons.
So, we avoid the contradiction with the experimental data that we had
before, assuming that the large decay width is because of the axions. Now
we have the theory that describes the resonance. How to check that this
description is correct?
First of all let us derive the Feynman rules for this theory. From the La-
grangian (2.22) we are able to conclude that a heavy scalar particle s inter-
acts with gluons and the light scalar particles a, the light scalar particles
interacts with s and photons. Thus we get the vertices
a, k1
a, k2
s, p
=
−2i
f
kµ1 k
ν
2gµν
Figure 2.7: The vertex for aas
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g, k1
g, k2
s, p
µ
ν
=
icgαs
3pi f
[(kµ2 · kν1)− gµν(k1 · k2)]
Figure 2.8: The vertex for ggs
ν
µ
γ, k2
γ, k1
a, p
=
−6iαcγ
pi f
eαµβνk1αk2β
Figure 2.9: The vertex for γγs
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2.4 Production of the Heavy Scalar Particle
The heavy scalar particle s can produced via the gluon production, photon fu-
sions and also via the associated production of the photons. Using the Feyn-
man rules for this theory (2.22), which we derive in the previous section,
we are able to calculate the cross sections for the s production at the tree
level.
2.4.1 The production of the heavy scalar particle via the
gluon fusion
g, k1
g, k2
s, p
µ
ν
Figure 2.10: Production of s via gluon fusion
The matrix element consequently is
iM = i cgαs
3pi f
[gµν(k1 · k2)− (k2µ · k1ν)]eµ(k1)eν(k2). (2.23)
The square of the matrix element is
|M|2 = c
2
gα
2
s
9pi2 f 2
[gµν(k1 · k2)− (k2µ · k1ν)]eµ(k1)eν(k2)×
× [gγδ(k1 · k2)− (k2γ · k1δ)]eγ(k1)eδ(k2). (2.24)
Averaging over the polarizations of the initial state and taking into account
that we have 8 types of the gluons one can get
|M|2 = c
2
gα
2
s
144pi2 f 2
(k1 · k2)2 =
c2gα2s M4s
576pi2 f 2
. (2.25)
The differential cross-section (see appendix D) is given by
dσ(sgg) =
(2pi)4
4
|M|2√
(k1 · k2)2
dΦ(k1 + k2, p), (2.26)
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where dΦ(k1 + k2, p) = δ4(k1 + k2 − p) d
3p
(2pi)32Es
.
Thus the cross section is
σ(sgg) =
pi|M|2
2M3s
δ(
√
sgg −Ms) = pi|M|
2
2M3s
2Msδ(sgg −M2s ) =
=
pi
576
(
cgαsMs
pi f
)2
δ(sgg −M2s ), (2.27)
and the full cross section can be find as in the case of (2.10),
σpp→s(s) =
1∫
0
dx1 f (x1)
1∫
0
dx2 f (x2)σ(sgg) =
Cgg
72pis
(
cgαsMs
pi f
)2
. (2.28)
Thus the cross section for the gluon fusion at
√
s = 13 TeV is
σpp→s = 107 fb c2g
(
320 GeV
f
)2
. (2.29)
The gain factor r is,
rgg = σ13 TeV/σ8 TeV = 4.7 . (2.30)
2.4.2 The production of the heavy scalar particle with jets
in the final state
In QCD there are a lot of ways to get jets in the final state in the proton-
proton collision.
First of all let us consider one jet and s in the final state. There are 19
different processes with 22 diagrams (we do not distinguish the type of
gluons and the color of quarks): gg → gs, qq¯ → gs, qg → qs and q¯g → q¯s,
some diagrams of these processes are presented on Figure 2.11.
For two jets and the heavy scalar particle in the final state we have 133
different processes with 344 diagrams.
For three jets and the heavy scalar particle we get 205 different processes
with 4526 diagrams.
36
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q¯ q¯
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Figure 2.11: Feynman diagrams of the production of the heavy scalar particle
with one jet in the final state.
However, the logic of perturbation theory tells us that the contributions
of the processes with many out coming jets should be suppressed. Only
soft (low energy) multiple jets can contribute significantly, dues to strong
coupling of QCD in the infra red. Therefore in our perturbative calcu-
lations we have to take into account only the jets with large pt and the
non-perturbative soft jets contributions are already effectively encoded in
the PDFs. To take this into account we will calculate this diagrams using
the package MadGraph 5.
At the beginning let us find out the parametric dependence of all these
processes. Regardless how many jets we have in the final state, we will
always get that σ ∼ c2g/ f 2. In this way the cross section for the production
s with n jets in the final state is
σpp→s+nj = Bnj fb c2g
(
320 GeV
f
)2
, (2.31)
where Bnj is some number, the numerical value of which we calculate in
the package MadGraph 5. We use the cut on the transverse momentum of
jets pT > 150 GeV. The result for Bnj at
√
s = 13 TeV is present below with
the gain factors,
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Channel r Bnj, fb
pp→ jS 5.8 28.2
pp→ jjS 8 4.9
One can notice, that with increasing the number of jets, the cross section
decrease quite fast, and we can neglect the cross section with three and
higher jets.
The parametric dependence of the gluon fusion (2.29) and the production
of s with n jets in the final state (2.31) is the same. The contribution from
the production of the heavy scalar particle s via gluon channel is the sum
of the gluon fusion and the production of s with n jets in the final state.
Thus the total cross section for the gluon production is
σpp→s+nj = 140.1 fb c2g
(
320 GeV
f
)2
. (2.32)
2.4.3 The production of the heavy scalar particle via the
photon associated production
γ, k1
γ, k2
a, q
a, p1
s, p2
µ
ν
Figure 2.12: Photon associated production of the heavy scalar particle s.
The corresponding matrix element is
iM = 6iαcγ
pi f
eαµβνk1αk2β
i
q2
2
f
(p1 · q)eµ(k1)eν(k2), (2.33)
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and the square of the matrix element is given by
|M|2 = 36α
2c2γ
pi2 f 2
eαµβνk1αk2β
1
q4
4
f 2
(p1 · q)2eµ(k1)eν(k2)×
× eγρδσk1γk2δeρ(k1)eσ(k2) =
=
288α2c2γ
pi2 f 4
(p1 · q)2
q4
(k1 · k2)2 =
18α2c2γ
pi2 f 4
(sγγ −M2s )2 (2.34)
The cross-section for two outgoing particles is defined as (see appendix D)
dσ =
1
64pi2s
|p1|
|k1| |M|
2dΩ, (2.35)
where the module of the momentum is
|k| = 1
2
√
s
√
s2 − 2(m21 + m22)s + (m21 −m22)2. (2.36)
Thus the cross-section for the production of the heavy scalar particle s via
the photon associated production is
σ(sγγ) =
9
8pis2γγ
α2c2γ
pi2 f 4
(sγγ −M2s )3 θ(sγγ −M2s ), (2.37)
where θ(x − x0) is the theta function. It is equal to one, if x0 is less than x
and it is zero vice versa. The theta function checks that the square of the
energy in the center of mass is bigger than the mass of the heavy scalar
particle.
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Thus the full cross section is
σpp→sa(s) =
1∫
0
dx1 fγ(x1)
1∫
0
dx2 fγ(x2)σ(sγγ) =
=
9α2c2γ
8pi3 f 4
1∫
0
dx1 fγ(x1)
1∫
0
dx2 fγ(x2)
(sγγ −M2s )3
s2γγ
θ(sγγ −M2s ) =
=
9α2c2γ
8pi3 f 4
1∫
0
dx1 fγ(x1)
1∫
0
dx2 fγ(x2)
(sx1x2 −M2s )3
s2 x21x
2
2
θ(sx1x2 −M2s ) =
=
9α2c2γ
8pi3 f 4
1∫
M2s
s
dx1 fγ(x1)
1∫
M2s
x1s
dx2 fγ(x2)
(sx1x2 −M2s )3
s2 x21x
2
2
=
=
9α2c2γs
8pi3 f 4
1∫
λ
dx1 fγ(x1)
1∫
λ
x1
dx2 fγ(x2)
(x1x2 − λ)3
x21x
2
2
where λ = M2s /s.
We are interested in two cases, when
√
s = 8 TeV and
√
s = 13 TeV, corre-
sponding to λ8 = 0.0088 and λ13 = 0.0033 consequently. As one can see,
the integral is just some number. Let us denote this number as B,
σpp→sa(s) =
9α2c2γs
8pi3 f 4
B . (2.38)
As we are consider only two cases at the different energies (
√
s = 13 TeV
and
√
s = 8 TeV), we can find B numerically, using MadGraph 5 [17].
We get the following results, B8 TeV = 0.21 · 10−5 and B13 TeV = 0.85 · 10−5.
The corresponding gain factor r is,
rγγ = σ13 TeV/σ8 TeV = 4.1 , (2.39)
and the total cross section for the photon associated production is
σpp→sa = 0.12 fb c2γ
(
320 GeV
f
)4
. (2.40)
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2.4.4 The production of the heavy scalar particle via the
photon fusion
γ, k1
γ, k2
µ
ν
a, q1
a, q2
s, p3
γ, p1
γ, p2
ρ
σ
Figure 2.13: Production of s via the photon fusion with two ALPs in the middle
state
The matrix element for this process is
iM =
(
6αcγ
pi f
)2
eαµβρk1αp1βeγνδσk2γp2δ
2
f
(q1 · q2)×
× 1
q21q
2
2
eµ(k1)eν(k2)eρ(p1)eσ(p2). (2.41)
To compute the cross section, one can use the formula (A17) from the paper
[18]. The explicit expression is quite hard to compute by hand and that
is why to simplify our task we take the parametric dependence from the
matrix element (2.41) and using the package MadGraph 5 we will compute
the cross section. At the energy
√
s = 13 TeV the cross section for the
photon fusion is
σpp→sγγ = 4.6 · 10−6 fb c4γ
(
320 GeV
f
)6
. (2.42)
The corresponding gain factor r is,
rγγ = σ13 TeV/σ8 TeV = 9.4 . (2.43)
2.4.5 Summary of the production of the heavy scalar parti-
cle
All three production mechanisms of s described above (the photon asso-
ciated production, the gluon production and the photon fusion) are not
Version of May 31, 2016– Created June 2, 2016 - 14:05
41
42 Diphoton excess at the LHC
cΓ
0.01 0.1 1 10 100
1
10
100
1000
cg
Figure 2.14: The lines represent the equality between the production channels:
the gluon production — the photon associated production (smooth line), the pho-
ton associated production — the photon fusion (dot-dashed line) and the gluon
production — the photon fusion (dashed line). There are three regions: the gluon
production dominates (green), the photon fusion dominates (yellow) and the pho-
ton associated production dominates (cyan).
forbidden (the gain factor r & 5 at 2σ). One can see the resulting plot at the
Figure 2.14 for the different dominating channels.
42
Version of May 31, 2016– Created June 2, 2016 - 14:05
2.4 Production of the Heavy Scalar Particle 43
In the previous section with the simple model (see section (2.2)), we get
that the production of s goes only via gluon production as the gain factor for
the photon production is too small. When we add the axion, the situation
changes completely! We obtain the possibility to produced the heavy scalar
particle via the photon production as in this case the gain factor satisfy our
condition r & 5 (see 2.3).
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2.5 Decay Properties of the New Particles
In this section we consider the decay widths for the non-SM particles s and
the axion.
2.5.1 Decay width of the heavy scalar particle into two ALP
s, p
a, k1
a, k2
Figure 2.15: Decaying the heavy scalar particle s into two ALPs
To compute the decay width, first of all we need to find the matrix ele-
ment,
iM = 2
f
kµ1 k
ν
2gµν, (2.44)
and the square of the matrix element
|M|2 = 4
f 2
(kµ1 · k2µ)2. (2.45)
Thus, using formula (1.42) we immediately find the decay width
Γs→aa =
1
32pi
M3s
f 2
. (2.46)
2.5.2 Decay width of the heavy scalar particle into two glu-
ons
The matrix element is
iM = i cgαs
3pi f
[gµν(k1 · k2)− (k2µ · k1ν)]eµ(k1)eν(k2). (2.47)
44
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s, p
g, k1
g, k2
Figure 2.16: Decaying the heavy scalar particle s into two gluons
The square of the matrix element is
|M|2 = c
2
gα
2
s M4s
18pi2 f 2
. (2.48)
The corresponding decay width, summed up for 8 gluon types, is
Γs→gg =
c2gα2s M3s
72pi3 f 2
. (2.49)
2.5.3 Decay width and decay length of the ALP
a, k
γ, k1
γ, k2
Figure 2.17: Decaying ALP into two photons
The decay width of the ALP depends on two constants f and cγ. It follows
from the matrix element
iM = 6iαcγ
pi f
eαµβνk1αk2βeµ(k1)eν(k2). (2.50)
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Computing the square of the matrix element, one can get
|M|2 = 36α
2c2γ
pi2 f 2
eαµβνk1αk2βeγρδσk1ρk2σeµ(k1)eν(k2)eγ(k1)eδ(k2) =
=
72α2c2γ
pi2 f 2
(k1 · k2)2 =
18α2c2γ
pi2 f 2
M4a . (2.51)
Thus, we obtain the decay width (1.42) of the axion,
Γa→γγ =
9M3ac2γα2
16 f 2pi3
. (2.52)
The decay length is given by formula
L = τcγ, (2.53)
where τ =
h¯
Γa→γγ
is the mean life time of the ALP, c is the speed of light
and γ is the gamma factor. We estimate the gamma factor as γ ≈ Ms
2Ma
,
assuming the axion’s energy is equal to Ms/2.
Substituting it into the expression for L we get the decay length
L = 4.9 m
(
f
320 GeV
)2(0.2 GeV
Ma
)4 1
c2γ
. (2.54)
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2.6 Constraints on the Parameters
We have seen that unlike with the simple model (2.2), the axion model
is consistent with the data. Thus we have a theory that could describe
the diphoton resonance. The next step is to study this theory, describe its
allowed parameter space and find a way to check if the model is the right
one using additional experimental predictions specific for this model. In
this section we get the constraints on the coupling constants cg and cγ, on
the energy scale f and on the mass and decay length of the axion.
2.6.1 The constraint on f
First of all let us start with the energy scale f . We work in the approx-
imation for the total decay width Γ = 40 GeV (2.1). This total decay
width is consist from two terms Γ = Γs→aa + Γs→gg. The partial decay
width for the decay of the heavy scalar particle s into two axion (2.46) is
Γs→aa =
1
32pi
M3s
f 2
and the decay of the heavy scalar particle s into two glu-
ons (2.49) is Γs→gg =
c2gα2s M3s
72pi3 f 2
. We can neglect the partial decay width for
s → gg in comparison to s → aa if the coupling constant cg  50. As
we will see later in this section (see formula (2.58)) this condition indeed
holds. Thus the value of f can be found as
f =
√
M3s
32pi(40 GeV)
≈ 320 GeV . (2.55)
2.6.2 Constraints from two jets in the final state
There is a constraint on the combinations of cg, cγ and f from the exper-
iment [13] published by CMS collaboration. In this experiment it was
searched for a peak in the invariant mass distribution of two highest-
pT jets. Jets was selected by the following criteria, the transverse four-
momentum of jets pT > 30 GeV, the pseudorapidity |η| < 2.5, the az-
imuthal angle and pseudorapidity between the two highest-pT jets ∆φ >
pi/3 and ∆η < 1.3.
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The experimental upper limit at
√
s = 8 TeV at the invariant mass 750 GeV
is
σpp→X × BR(X → jj)× A ≤ 1.8 pb, (2.56)
where σpp→X is the cross section of the production of the heavy particle X,
BR(X → jj) is the branching ratio and A is the acceptance.
In our particular case, there is the decay of s into two gluons, which can
produce high-pT jets. The branching ratio is BR(s → jj) =
Γgg
Γ
, where
Γ = 40 GeV is the total width and Γgg =
c2gα2s M3s
72pi3 f 2
is the partial decay
width of s into two gluons.
The acceptance for this process was calculated with the package MadGraph 5.
We take into account only the cuts, listed above. The value of the accep-
tance is
Ajj = 0.57. (2.57)
Consider different production channels, which we discussed in section
2.4.3. We assume that one channel dominates in some region of the parame-
ters and get the constraints on cg, cγ and f by using inequality (2.56).
The cross section of the production of s at the energy
√
s = 8 TeV was
computed with the package MadGraph 5.
• Gluon production
The cross section σpp→s+nj = 0.028 pb c2g
(
320 GeV
f
)2
. Thus, the
upper limit on cg is
cg
(
320 GeV
f
)
≤ 23.4 . (2.58)
48
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• Photon associated production
The cross section σpp→sa = 0.000029 pb c2γ
(
320 GeV
f
)4
. Thus the
maximum value on cg times cγ is
cg cγ
(
320 GeV
f
)3
≤ 1.7 · 104 . (2.59)
• Photon fusion production
The cross section σpp→sγγ = 4.9 · 10−10 pb c4γ
(
320 GeV
f
)6
and the
constraint is on the following combination of the parameters
cg c2γ
(
320 GeV
f
)4
≤ 4.2 · 106 . (2.60)
2.6.3 The mass of the ALP
If the axion is very light, than this particle is very relativistic as the gamma
factor γ =
Ms
2Ma
 1. Photons from its decay are highly collimated!
The detector misidentify two photons as one and each of the two photon
pairs is detected as one photon for the mass of the axion [2]. The require-
ment that the angle between two photons created from the axion decay is
smaller than the size of the pixel of the detector is
Ma < 240 MeV . (2.61)
This constraint is conservative as it uses only the smallest angular size of
the pixel of ATLAS detector. We will stick to it here for simplicity.
2.6.4 Constraint on the probability of the ALP decay in-
side the detector from one photon and a missing en-
ergy
Let us consider the following process, the scalar heavy particle decays s
into two ALPs, one of them decays into two photons (which we detect as
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a single photon) inside the detector, and another one decays outside the
detector.
The cross-section of this process is the following,
σ(pp→ s→ aa→ γγ+ ETmiss) =
= σ(pp→ s→ aa)× 2 Pa→γγ(1− Pa→γγ), (2.62)
where σ(pp → s → aa) is the cross section that s decays into two axions,
Pa→γγ is the probability that the ALP decays inside the detector, and (1−
Pa→γγ) is the probability that the ALP decays outside the detector. The
factor of 2 is because we can not distinguish two photons.
In the paper [14] reports the results of the searches for the isolated monopho-
ton plus missing energy in proton-proton collisions at
√
s = 8 TeV using
the data of the CMS experiment. Events were selected by the following
requirements: the transverse energy for the photon EγT > 145 GeV, pseu-
dorapidity |ηγ| < 1.44 and the missing transverse energy EmissT > 140 GeV.
The results are presented at the figure 2.18. Therefore, there is a constraint
on the process (2.62) with one photon and missing energy:
σ(pp→ s→ aa→ γγ+ EmissT )× A < σγEmiss = 2 fb, (2.63)
where A is the acceptance and we consider the photon transverse energy
as EγT ∼ Ms2 = 375 GeV.
The experimental cross section for the decay of the heavy scalar particle
into four photons (which misidentified as two photons) is given by
σγγ = 6 fb = σ13 TeV(pp→ s→ aa)× P2a→γγ. (2.64)
From (2.62) we have
σγEmiss/A fb ≥ σ8 TeV(pp→ s→ aa)× 2 Pa→γγ(1− Pa→γγ). (2.65)
Dividing (2.65) by (2.64), we obtain the constraint on the probability to
detect the photon inside the detector
Pa→γγ ≥ Pmin a→γγ = 2Aσγγ2Aσγγ + rσγEmiss
, (2.66)
where r = σ13 TeV(pp→ s→ aa)/σ8 TeV(pp→ s→ aa).
50
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 Threshold [GeV]γTE
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A 
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]
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T
E + γ →pp 
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 (8 TeV)-119.6 fb
CMS
Figure 2.18: Upper limits at 95 % CL for the photon and missing energy in the
final state.
The acceptance A we find out using the package MadGraph 5 with the
following cuts: EγT > 145 GeV, |ηγ| < 1.44 and EmissT > 140 GeV. The
numerical value of the acceptance is
AγEmiss = 0.778. (2.67)
We have three production channels with different gain factor r. Thus the
constraint on the probability Pa→γγ differs for these three production chan-
nel.
For the gluon production (see section 2.4.1 and 2.4.2) the lower bound on the
probability can be compute with (2.66), where we take the effective gain
factor r = 5. So one can get
Pa→γγ ≥ 0.48 (for r = 5). (2.68)
For the photon associated production (see section 2.4.3) we have the gain fac-
tor r = 4.1 and thus the probability to detect the photon inside the detector
is greater than
Pa→γγ ≥ 0.53 (for r = 4.1). (2.69)
If the photon fusion dominates (see section 2.4.4), the gain factor is r = 9.4.
Than the probability is
Pa→γγ ≥ 0.33 (for r = 9.4). (2.70)
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2.6.5 Constraints from the diphoton signal cross section
From the diphoton signal we have that the experimental cross section is 6 fb
(2.4). But the cross section, that is detected from the experiment, could
be less than the true cross section (if the ALPs decay outside the detector).
From the other hand, the experimental total cross section (2.4) defined as
(2.64),
σγγ = σ13 TeV(pp→ s→ aa)× P2a→γγ, (2.71)
where Pa→γγ has its minimal value (2.66). Thus we can conclude that the
total cross section bounded from both sides,
6 fb ≤ σ13 TeV(pp→ s→ aa) ≤ 6 fb/P2min a→γγ , (2.72)
where Pmin a→γγ is given by formulas (2.68), (2.69), (2.70). The heavy scalar
particle s could be produced via different production channels. In the sec-
tion 2.4.5 we discussed for which parameters cg and cγ we get the domina-
tion of one channel for the production of s. Let us consider these regions
separately and find the most strong constraints on the coupling constants
cg and cγ.
• Gluon production
Comparing the experimental total cross section (2.4) and the cross
section via the gluon production (see section 2.4.1 and 2.4.2) one can
get the upper and lower values on the parameters cg and cγ
6 fb ≤ 140.1 fb c2g
(
320 GeV
f
)2
≤ 25.7 fb, (2.73)
and the minimal and maximum values on cg are
0.21
(
f
320 GeV
)
≤ cg ≤ 0.43
(
f
320 GeV
)
. (2.74)
• Photon associated production
Assuming that s produced via the photon associated production (see
section 2.4.3), we get
6 fb ≤ 0.12 fb c2γ
(
320 GeV
f
)4
≤ 21.2 fb. (2.75)
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The minimal and maximum values, available from the experiment,
on cγ are
7.1
(
f
320 GeV
)2
≤ cγ ≤ 13.3
(
f
320 GeV
)2
. (2.76)
• Photon fusion production
And the last case is when s produced via the photon fusion (see sec-
tion 2.4.4),
6 fb ≤ 4.6 · 10−6 fb c4γ
(
320 GeV
f
)6
≤ 54.5 fb, (2.77)
thus the lower and upper values on cγ are
34
(
f
320 GeV
)3/2
≤ cγ ≤ 58.7
(
f
320 GeV
)3/2
. (2.78)
As we can see from the plot (2.14), the photon fusion dominates at
cγ > 160. From the other side we get the upper value on cγ ≤ 58.7,
so we can conclude that the production via photon fusion can not
dominate. An attempt is no sin - if you try you may win.
2.6.6 Other constraints from one photon and a missing en-
ergy
By definition the probability that the ALP with decay length L decays in-
side the detector that has length l is
Pa→γγ = 1− e−l/L. (2.79)
Thus the inequality (2.66) can be rewritten as
1− e−l/L ≥ Pmin a→γγ. (2.80)
After easy mathematical transformation one can get the following con-
straint on the decay length of the axion
L ≤ l
Log
(
Pmin a→γγ
) . (2.81)
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Taking the effective value of the gain factor r = 5 we obtain the maximum
available decay length
L ≤ 2 m . (2.82)
From the constraint on the decay length of the axion (2.82) we can con-
clude that it is impossible to find the axion at the experiments SHiP
and NA62, where the decay volume is placed at 60 m from the collider
point.
From the other side, using formula (2.54) we get the decay length
L = 4.9 m
(
f
320 GeV
)2(0.2 GeV
Ma
)4 1
c2γ
, (2.83)
and as a consequence
4.9 m
(
f
320 GeV
)2 (0.2 GeV
Ma
)4 1
c2γ
< 2 m. (2.84)
From this expression we can get two constraints, the first one comes from
the fact, that ALP’s mass can not be bigger than 240 MeV (2.61), thus the
minimal value of cγ is
cγ ≥ 1.1
(
f
320 GeV
)
. (2.85)
From the other side we know the maximum value of the coupling constant
cγ (2.76). It gives us the minimal ALP’s mass
Ma > 69 MeV
(
320 GeV
f
)1/2
. (2.86)
2.6.7 Summary of the constraints on the parameters
It this section the results on the constraints are combined all together and
chosen the most relevant ones. First of all, from the formula (2.55) it was
found the energy scale constant f ≈ 320 GeV.
Using the data from one photon and missing energy (2.85) we find that
the coupling constant cγ > 1.1. This value corresponds to the maximum
available value on the mass of the ALP (2.61).
54
Version of May 31, 2016– Created June 2, 2016 - 14:05
2.6 Constraints on the Parameters 55
There are exist three cases of the production of the heavy scalar particle
s (see section 2.4.5): the gluon production dominates, the photon fusion
production dominates and the photon associated production dominates.
It was shown that the photon fusion can not be considered as a dominated
channel (2.78). Thus let us focus on the rest two cases,
• If s is produced via the photon associated production, we have the con-
straint on the coupling constant cγ from the diphoton signal cross
section (2.76), 7.1 < cγ < 13.3. We do not use the constraint from
the data of two jets for the photon associated production (2.59) as
this constraint does not work at all. It lies in the region, where the
assumption about the photon associated production is not true.
• If the production is dominated by gluons, we have obtained from the
diphoton signal cross section (2.74) that the value on cg is bounded
from both sides 0.21 < cg < 0.43. We do not use the constraint from
the data of two jets (2.58) as the constraint from the diphoton signal
cross section is stronger.
Summing it up, we plot all these constraints on the Figure 2.19.
From the equation (2.82) one can get that the mass of the axion and the
coupling constant cγ are connected. Thus one can plot the dependence of
the axion mass on the coupling constant cγ ( see Figure 2.20). The available
region for these parameters is inside the blue line.
Therefore, taking into account the data from photon + missing energy at
8 TeV allows us to shrink the parameter space of the our model by an or-
der of magnitude. When the similar data from 13 TeV will become avail-
able this will allow to constraint out model even further (see discussion in
the next section 2.7). However, non-observation of the missing energy at
13 TeV will not exclude the current model completely.
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Figure 2.19: Available parameter space of the coupling constants cg and cγ lies
inside the red line, the meaning of the other lines are the same as on the Figure
2.14.
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Figure 2.20: Available parameter space on the coupling constant cγ depending
on the ALP mass inside the yellow region. The dashed line represents the decay
length L of the axion-like particle is equal to the length of the detector l and the
dot-dashed line represents the parameters when the probability of decaying the
ALP inside the detector equal to 80%.
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2.7 Prediction on the missing energy at the
√
s =
13 TeV
In this section we make the prediction on the cross section for one photon
and missing energy at
√
s = 13 TeV. If we detect the diphoton signal with
the cross section σ(pp → s → aa → 4γ), we have to detect a signal with
one photon and missing energy.
The cross section when two axions decay inside the detector is
σ(pp→ s→ aa→ 4γ) = σ(pp→ s→ aa)P2a→γγ, (2.87)
where Pa→γγ is the probability that the axion decays inside the detector.
The cross section when one axion decays inside the detector and another
one decays outside the detector is
σ(pp→ s→ aa→ 2γ+ ETmiss) = σ(pp→ s→ aa)2Pa→γγ(1− Pa→γγ).
(2.88)
From these two equations we can express the cross section to detect one
photon and missing energy in terms of the cross section to detect two pho-
tons and the probability that the axion decays inside the detector
σ(pp→ s→ aa→ 2γ+ ETmiss) =
2(1− Pa→γγ)
Pa→γγ
σ(pp→ s→ aa→ 4γ) .
(2.89)
We have three production channels with different probabilities that the ax-
ion decays inside the detector (see equations (2.68), (2.69) and (2.70)). As
we have shown in the previous section (2.6.7), the photon fusion can not
dominate. The constraint on the cross section for one photon and missing
energy differs for the rest two production channel are the following:
For the gluon production (see section 2.4.1 and 2.4.2) the upper bound on
the cross section for one photon and missing energy is
σ(pp→ s→ aa→ 2γ+ ETmiss) ≤ 13 fb (for Pa→γγ = 0.48). (2.90)
If the photon associated production dominates (see section 2.4.3) the upper
limit on the cross section for one photon and missing energy is
σ(pp→ s→ aa→ 2γ+ ETmiss) ≤ 10.6 fb (for Pa→γγ = 0.53). (2.91)
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Chapter3
Predictions of the Axion Model
3.1 Introduction
In the previous chapter we considered the model from the paper [2] with
the Lagrangian (2.22). This Lagrangian is gauge invariant under the UEM(1)
symmetry but it is not invariant under SUL(2)⊗UY(1) symmetry of the
Standard Model!
In this chapter we will introduce the gauge invariant form of this model
and investigate the phenomenological consequences. In this way we get
the additional interactions for the axion with the gauge bosons W and Z.
In the end of this chapter we find the constraints on the coupling constants
for these additional interactions and calculate the cross section.
These analysis may be experimentally interesting as it allows to falsify the
theory using new data at
√
s = 13 TeV run.
Let us consider the dual terms in the gauge Lagrangian,
Lgauge = −14 C1 e
αβγδ a WiαβWγδ,i −
1
4
C2 eαβγδ a BαβBγδ, (3.1)
where eαβγδ is completely anti-symmetric tensor, C1 and C2 are the cou-
pling constant with the inverse energy dimension. The strength tensors
for the gauge fields are
Bµν ≡ ∂µBν − ∂νBµ, (3.2)
W iµν ≡ ∂µW iν − ∂νW iµ + cgeijkW jµWkν . (3.3)
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The gauge fields W1µ, W2µ, W3µ and Bµ are defined in terms of W±µ , Aµ and
Zµ as
W1µ =
W+µ +W−µ√
2
, (3.4)
W2µ = i
W−µ −W+µ√
2
, (3.5)
W3µ = sW Aµ + cW Zµ, (3.6)
Bµ = cW Aµ − sW Zµ, (3.7)
where cW and sW are the Weinberg angles, the values of which are,
s2W = 0.23 and c
2
W = 0.77. (3.8)
The Weinberg angle rotates the fields W3µν and Bµν to get the real fields Zµ
and Aµ. The useful ratio between the masses of W boson, Z boson and the
Weinberg angle is
cos θW =
MW
MZ
. (3.9)
Thus, the Lagrangian (3.1) can be rewritten in terms of W±µ , Aµ and Zµ
as
Lgauge = −aeαβγδ 14(C1s
2
W + C2c
2
W)FαβFγδ
− aeαβγδ 1
4
[(C1c2W + C2s
2
W)ZαβZγδ+
+ 2(C1sWcW − C2sWcW)FαβZγδ]
− aeαβγδ 1
4
C1[8∂αW−β ∂γW
+
δ +
+ 8cgi(∂αW−β sW AγW
+
δ + ∂αW
−
β cW ZγW
+
δ
− ∂αW+β sW AγW−δ + ∂αW+β cW ZγW−δ )]
Let us define the coupling constants for the terms aγγ, aZZ and aγZ as
(C1s2W + C2c
2
W) = Cγγ, (3.10)
(C1c2W + C2s
2
W) = CZZ, (3.11)
(C1 − C2)sWcW = CγZ, (3.12)
2C1 = CWW . (3.13)
60
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Thus one can express the following combinations on the coupling con-
stants, substituting the values of the Weinberg angles cW and sW
CZγ =
(CZZ − Cγγ)sWcW
c2W − s2W
≈ 0.78(CZZ − Cγγ). (3.14)
It will be useful to rewrite this equation in the following way,
CZZ ≈ 1.3CZγ + Cγγ . (3.15)
In the same way we can obtain the coupling constant for aWW as
CWW = Cγγ + CZZ +
(CZZ − Cγγ)
c2W − s2W
≈ 3.7CZγ + 2Cγγ . (3.16)
Without lost of generality, let us take Cγγ > 0. This definition will be
useful later.
The structure of the gauge Lagrangian is the following,
Lgauge = aγγ + aZZ + aγZ + aW+W− + aW+W−γ + aW+W−Z .
(3.17)
Thus we expect the additional channels like Zγγ, ZZγ WWγ and so on. But
for three-body decays there are no reasons to expect that products from s
decay will be collimated. From the experimental point of view we will see
three-body channels, not two-body channel!
The three-particle channels are kinematically suppressed compared to the
two-particle channels. Thus it is harder to find these signals experimen-
tally. However, the backgrounds are much lower as well!
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3.2 Partial Decay Width of Z Boson into a Photon
and an ALP
Z, p
a, k1
γ, k2
µ
ν
Figure 3.1: Decay of Z boson into a photon and an ALP.
The the matrix element for this process is
iM = 2CZγeαµβνpαk1βeµ(p)eν(k1). (3.18)
Computing the square of the matrix element one gets
|M|2 = 4
3
C2Zγe
αµβνpαk1βeµ(p)eν(k1)eα
′µ′β′ν′ pα′k1β′eµ′(p)eν′(k1) =
=
4
3
C2Zγ2(p · k1)2 =
2
3
C2Zγ(M
2
Z −M2a)2. (3.19)
The decay width (1.42) for the process when a particle decays into 2 parti-
cles is
dΓ =
1
32pi2
|M|2 |k1|
M2
dΩ, (3.20)
where |k1| = [(M2 − (m1 + m2)2)(M2 − (m1 −m2)2)]1/2/2M.
Neglecting the mass of the ALP, the partial decay width is
ΓZ→aγ =
1
24pi
C2ZγM
3
Z . (3.21)
From the experiment, the decay width of Z boson is known quite well,
ΓZ = 2.4952± 0.0023 GeV. (3.22)
Thus to be consistent with the experimental data we have the following
condition,
|CγZ| < 4.8 · 10−4 GeV−1 . (3.23)
62
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3.3 Constraints on the Parameters
From the diphoton signal one can get the constraint on the constant cγ (see
(2.76))
7.1
(
f
320 GeV
)2
≤ cγ ≤ 13.3
(
f
320 GeV
)2
. (3.24)
Comparing the Lagrangians (2.22) and (3.1) we get the relation between
the coupling constants Cγγ and cγ
Cγγ =
3αcγ
pi f
. (3.25)
Thus, using equation (2.76) we find the constraint on the coupling constant
Cγγ
1.7 · 10−4 GeV−1
(
f
320 GeV
)
≤ Cγγ ≤ 3.1 · 10−4 GeV−1
(
f
320 GeV
)
.
(3.26)
The constraint on the coupling constant CγZ we have found from the decay
width of Z boson (3.23),
|CγZ| < 4.8 · 10−4 GeV−1 . (3.27)
At the present moment there are two coupling constants, Cγγ and CγZ
bounded from below and above. It is exist the relation between three
coupling constants, Cγγ, CγZ and CZZ (3.14). Thus, as two of them are
bounded, the third one is also bounded,
CZZ > 1.7 · 10−4 GeV−1
(
f
320 GeV
)
− 6.4 · 10−4 GeV−1, (3.28)
CZZ < 3.1 · 10−4 GeV−1
(
f
320 GeV
)
+ 6.4 · 10−4 GeV−1. (3.29)
If we take the energy scale f = 320 GeV, we get
−4.7 · 10−4 GeV−1 < CZZ < 9.5 · 10−4 GeV−1 . (3.30)
The coupling constant CWW may be express in terms of Cγγ and CγZ (3.16).
By the analogy with the coupling constant CZZ, taking the energy scale
f = 320 GeV, one can get
−14.4 · 10−4 GeV−1 < CWW < 24 · 10−4 GeV−1 . (3.31)
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3.4 Decay Width of the Heavy Scalar Particle into
Two Z Bosons and an ALP
s, p
a, q
a, k3
Z, k1
Z, k2
Figure 3.2: Feynman diagram for the heavy scalar particle decays into two Z
bosons and the ALP.
The matrix element for the process s→ aZZ is
iM = 2iCZZ 2f (q · k3)
i
q2 −M2a + iMaΓa
eαµβνk1αk2βeµ(k1)eν(k2). (3.32)
The corresponding square of the matrix element is
|M|2 = 4C2ZZ
4
f 2
(q · k3)2 1
(q2 −M2a)2 + M2aΓ2a
eαµβνk1αk2β×
× eα′µ′β′ν′k1α′k2β′eµ(k1)eν(k2)eµ′(k1)eν′(k2) =
= 4C2ZZ
4
f 2
(q · k3)2 1
(q2 −M2a)2 + M2aΓ2a
eαµβνk1αk2β×
× eα′µ′β′ν′k1α′k2β′
(
−gµµ′ +
kµ1 k
µ′
1
M2Z
)(
−gνν′ +
kν2k
ν′
2
M2Z
)
=
= 4C2ZZ
4
f 2
(q · k3)2 1
(q2 −M2a)2 + M2aΓ2a
2(k1 · k2)2 =
=
2C2ZZ
f 2
(M2s − q2)2(q2 − 2M2Z)2
(q2 −M2a)2 + M2aΓ2a
.
The decay width is defined as,
dΓ =
1
(2pi)3
1
32M3
|M|2dm212dm223, (3.33)
64
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where m2ij = (pi + pj)
2 for i 6= j, where pi is a four-momentum of a particle
i with some mass mi.
The available region on the value for m2ij is
(mi + mj)2 ≤ m2ij ≤ (M−mk)2. (3.34)
If we fixed the value of m212, which changes as
(m1 + m2)2 ≤ m212 ≤ (M−m3)2, (3.35)
we get the maximum and minimum values on m223,
m223,max/min =
M2 + m21 + m
2
2 + m
2
3 −m212
2
+
+
(M2 −m23)(m22 −m21)± λ1/2(M2, m23, m212)λ1/2(m212, m21, m22)
2m212
, (3.36)
where λ(a, b, c) = a2 + b2 + c2 − 2ab− 2bc− 2ac.
If we neglect the mass of the ALP and Z boson compare to the mass of the
heavy scalar particle s, we get the same integral as in appendix F for the
decay width,
Γ =
2C2ZZ
f 2
1
2
1
(2pi)3
1
32M3s
M2s∫
0
dq2
M2s−m212∫
0
dm223(M
2
s − q2)2. (3.37)
Thus,
Γ =
C2ZZ
f 2
M5s
1024pi3
. (3.38)
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3.5 Decay Width of the Heavy Scalar Particle into
Z Boson, Photon and ALP
s, p
a, q
a, k3
γ, k1
Z, k2
Figure 3.3: Feynman diagram for the heavy scalar particle decays into Z bosons,
photon and the ALP.
The matrix element for the process s→ aγZ is
iM = 2iCZγ 2f (q · k3)
i
q2 −M2a + iMaΓa
eαµβνk1αk2βeµ(k1)eν(k2). (3.39)
The corresponding square of the matrix element is
|M|2 = 4C2Zγ
4
f 2
(q · k3)2 1
(q2 −M2a)2 + M2aΓ2a
eαµβνk1αk2β×
× eα′µ′β′ν′k1α′k2β′eµ(k1)eν(k2)eµ′(k1)eν′(k2) =
= 4C2Zγ
4
f 2
(q · k3)2 1
(q2 −M2a)2 + M2aΓ2a
eαµβνk1αk2β×
× eα′µ′β′ν′k1α′k2β′gµµ′
(
gνν′ −
kν2k
ν′
2
M2Z
)
=
= 4C2Zγ
4
f 2
(q · k3)2 1
(q2 −M2a)2 + M2aΓ2a
2(k1 · k2)2 =
=
2C2Zγ
f 2
(M2s − q2)2(q2 −M2Z)2
(q2 −M2a)2 + M2aΓ2a
The decay width is defined as,
dΓ =
1
(2pi)3
1
32M3
|M|2dm212dm223. (3.40)
66
Version of May 31, 2016– Created June 2, 2016 - 14:05
3.5 Decay Width of the Heavy Scalar Particle into Z Boson, Photon and ALP 67
Again, neglecting the mass of the ALP and Z boson compare to the mass
of the heavy scalar particle s, we get the same integral as in appendix F for
the decay width,
Γ =
2C2Zγ
f 2
1
(2pi)3
1
32M3s
M2s∫
0
dq2
M2s−m212∫
0
dm223(M
2
s − q2)2, (3.41)
Thus,
Γ =
C2Zγ
f 2
M5s
512pi3
. (3.42)
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3.6 Decay Width of the Heavy Scalar Particle into
W Bosons and ALP
s, p
a, q
a.k3
W+, k2
W−, k1
Figure 3.4: Feynman diagram for the heavy scalar particle decays into W bosons
and the ALP.
The matrix element for the process s→ aW+W− is
iM = iCWW 2f (q · k3)
i
q2 −M2a + iMaΓa
eαµβνk1αk2βeµ(k1)eν(k2). (3.43)
The corresponding square of the matrix element is
|M|2 = C2WW
4
f 2
(q · k3)2 1
(q2 −M2a)2 + M2aΓ2a
eαµβνk1αk2β×
× eα′µ′β′ν′k1α′k2β′eµ(k1)eν(k2)eµ′(k1)eν′(k2) =
= C2WW
4
f 2
(q · k3)2 1
(q2 −M2a)2 + M2aΓ2a
eαµβνk1αk2β×
× eα′µ′β′ν′k1α′k2β′gµµ′
(
gνν′ −
kν2k
ν′
2
M2Z
)
=
= C2WW
4
f 2
(q · k3)2 1
(q2 −M2a)2 + M2aΓ2a
2(k1 · k2)2 =
=
C2WW
2 f 2
(M2s − q2)2(q2 −M2Z)2
(q2 −M2a)2 + M2aΓ2a
The decay width is defined as,
dΓ =
1
(2pi)3
1
32M3
|M|2dm212dm223. (3.44)
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Neglecting the mass of the ALP and W bosons comparing to the mass of
the heavy scalar particle s, we get the same integral as the in appendix F
for the decay width,
Γ =
C2WW
2 f 2
1
(2pi)3
1
32M3s
M2s∫
0
dq2
M2s−m212∫
0
dm223(M
2
s − q2)2, (3.45)
Thus,
Γ =
C2WW
f 2
M5s
2048pi3
. (3.46)
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3.7 Decay Width of the Heavy Scalar Particle into
a Photon, ALP and Two Leptons
The SU(2) symmetry predicts additional interactions an ALP not only with
photons, but also with Z and W bosons. Let us consider one channel s →
all¯γ. In this case there are three possible scenarios (see figures 3.5 and
3.6)
• An ALP a is produced real
• An ALP a is produced virtual and Z boson is produced real
• Both of them are produced virtual
s
a
a
l
l¯
γ
Z
Figure 3.5: Decay of s into a photon, an ALP and two leptons with the intermedi-
ate particles ALP and Z boson.
s
a
a
l
l¯
γ
γ
Figure 3.6: Decay of s into a photon, an ALP and two leptons with the intermedi-
ate particles ALP and γ boson.
Now let us estimate the decay width of these scenarios and get the con-
clusion the possibility to find this signal on the experiment. To calculate
the partial decay rates, first of all we will make the analytical estimation,
depending on the coupling constants CZγ and CZZ. Then we will use
the package MadGraph 5 to get the numerical factors for the partial decay
width.
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• If an ALP is real, the decay width is the following
Γs→aγll¯ = Γs→aaBR(a→ γll¯) for real a. (3.47)
We are taking into account only kinematics, and neglecting the mass
of the electron we get the following estimation
Γa→γγ ≈ 130Γa→γγ. (3.48)
Therefore, the decay width s→ all¯γ with real ALP is
Γs→aγll¯ ≈
1
30
Γs→aa ∼ 1 GeV . (3.49)
• If Z boson is real, the decay width is
Γs→aγll¯ = Γs→aγZBR(Z → ll¯) for real Z. (3.50)
The decay width Γs→aγZ we estimate as
Γs→aγZ ≈ 130
(
CZγ
Ms
2
)2
Γs→aa. (3.51)
The branching ratio for Z boson to decay into leptons BR(Z → ll¯) =
0.1. The constraint on the coupling constant CZγ we have got before
(3.23). Thus the decay width Γs→aγZ for real Z boson is bounded
from above
Γs→aγZ ≈ 130
1
10
(
CZγ
Ms
2
)2
Γs→aa < 0.02 GeV . (3.52)
• If an ALP and Z boson are virtual particles we estimate the decay
width as
Γs→aγll¯ ≈
(
1
30
)2 (
(CZγ + Cγγ)
Ms
2
)2
Γs→aa ∼ 0.01 GeV (3.53)
Next we get the numerical value for the decay widths, using the package
MadGraph 5
Γs→aγll¯ = 0.5 GeV for rial a (3.54)
Γs→aγll¯ = 1.7 · 10−3 GeV (CZγ · 103 GeV)2 for rial Z (3.55)
Γs→aγll¯ = 0.7 · 10−3 GeV ((CZγ + Cγγ) · 103 GeV)2 for virtual Z and a
(3.56)
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Chapter4
Summary
We started from the overview of the Standard Model (SM). Despite the
fact, that the SM was tested successfully, it does not describe a number of
observed phenomena. Thus it is very important to search for the physics
beyond the SM.
At the end of 2015 a possible sign of new physics was reported. At the
diphoton invariant mass about 750 GeV, two collaborations - ATLAS and
CMS detect a signal. In the SM it is impossible to explain this peak. So
if this signal will be proven, we need to consider model beyond the SM
where this signal can be explained.
First of all we tried a simple model extending the SM with only one scalar
particle. But we have shown that this simple model is not consistent with
non-observation of a similar signal in the two-jets channel. As a next step,
we tried a more complicated model of a complex (rather than real) scalar
field, containing two new particles: a heavy scalar and a light axion. We
have checked that the addition of an axion removes the contradiction be-
tween diphoton and dijet data that we had before.
The next step is to constrain the theory and to find a way to test it. Using
additional experimental data (constraints on missing energy channels) we
were able to shrink the allowed parameter space of the model by an order
of magnitude.
In the literature it was claimed that the axion of this model can be searched
at SHiP and NA62 experiments. Our analysis rejects this possibility as the
allowed decay length of the axion can not be as large as it is required for
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these experiments.
As the last step, we discuss the way to justify or falsify our theory with
the forthcoming LHC data. We show that SU(2) invariance of the SM re-
quires that axion couples not only to two photons, but has also γZ, ZZ and
WW couplings. However, when axion decays into e.g. γ and Z, there is
no reason for this particles to be strongly collimated anymore. Thus, from
experimental point of view, SU(2) invariance related di-photon channel
with three particle channel, e.g. γγZ (where one of the gammas is in fact
two photons misidentified as one). We made quantitative predictions for
this channels. Although three body channels are suppressed, the back-
grounds are for them are also lower and this prediction is therefore new
and interesting from experimental point of view. We also point out that
it is not excluded in our model that in the future LHC data a significant
signal in the photon + missing energy channel will be found.
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AppendixA
The Dimension of the Matrix
Element
To analyze a different processes without calculation, it is convenient to
know the dimension of the matrix element. To find it, let us consider the
decay width
dΓ = (2pi)4|M|2δ(4)(p f − pi)∏
i
1
2Ei
∏
f
d3p f
(2pi)32E f
V1−ni . (A.1)
It is well-known that in the units h¯ = c = 1, the decay width has the
dimension of the energy
[Γ] = E . (A.2)
The delta function has dimension E−4 and the volume has dimension E−3.
So the dimension of the matrix element depends only on the numbers of
the initial and final particles.
If one particle decays into two particles, it is easy to see that [M1→2] =
E.
When in initial state there are two particles and in the final either, the ma-
trix element is just a constant [M2→2] = 1. The same is also true for one
particle decaying into three.
More general, the dimension of the matrix element depends only on the
sum of the initial and final particles
[Mni→n f ] = E4−n f−ni . (A.3)
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AppendixB
The gauge part of the Standard
Model Lagrangian
The gauge Lagrangian of the Standard Model is
Lgauge = −14W
i
µνW
i µν − 1
4
BµνBµν, (B.1)
where the strength tensors are defined as
W iµν ≡ ∂µW iν − ∂νW iµ + geijkW jµWkν , (B.2)
Bµν ≡ ∂µBν − ∂νBµ. (B.3)
The gauge fields W1µ, W2µ, W3µ and Bµ can be rewritten in terms of W±µν, Aµ
and Zµ. These field correspond to the reality observed fields W, Z bosons
and photon.
W1µ =
W+µ +W−µ√
2
, (B.4)
W2µ = i
W−µ −W+µ√
2
, (B.5)
W3µ = sinθW Aµ + cosθW Zµ, (B.6)
Bµ = cosθW Aµ − sinθW Zµ. (B.7)
One can see that this Lagrangian (B.1) contains triple and quartic terms.
We will derive in details the interactions WWγ and WWγγ, and in the
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end we will present the structure of the gauge fields interactions in the
Standard Model. In particular, if we would like to consider terms that are
relate for the interaction WWγ, we can simplify the strength tensors in the
following way,
• WWγ
First of all, let us compute separately the strength tensors,
W1µνW
1 µν = gi[2∂µW+ν W
− µsinθW Aν − 2∂µW+ν W+ µsinθW Aν−
− 2∂νW+µ W− µsinθW Aν + 2∂νW+µ W+ µsinθW Aν+
+ 2∂µW−ν W− µsinθW Aν − 2∂µW−ν W+ µsinθW Aν−
− 2∂νW−µ W− µsinθW Aν + 2∂νW−µ W+ µsinθW Aν]
W2µνW
2 µν = gi[2∂µW−ν W+ νsinθW Aµ + 2∂µW−ν W− νsinθW Aµ−
− 2∂µW−ν W+ µsinθW Aν − 2∂µW−ν W− µsinθW Aν+
+ 2∂µW+ν W
+ νsinθW Aµ − 2∂µW+ν W− νsinθW Aµ−
− 2∂µW+ν W+ µsinθW Aν + 2∂µW+ν W− µsinθW Aν]
W3µνW
3 µν + BµνBµν =
= gi[2sinθWW+µ W
−
ν ∂µAν − 2sinθWW+µ W−ν ∂νAµ−
− 2sinθWW−µ W+ν ∂µAν + 2sinθWW−µ W+ν ∂νAµ]
Finally we can find out the Lagrangian,
LWWγgauge = −14W
i
µνW
i µν − 1
4
BµνBµν =
= −gi[∂µW−ν W+ νsinθW Aµ − ∂µW−ν W+ µsinθW Aν+
+ ∂νW+µ W
− µsinθW Aν − ∂µW+ν W− µsinθW Aν+
+ sinθWW+µ W
−
ν ∂
µAν − sinθWW+µ W−ν ∂νAµ]
For the quartic interaction we need to do the similar steps,
• WWγγ
W1µνW
1 µν =
−sinθ2W g2
2
[2(W−µ )2(Aν)2 + 2(W+µ )2(Aν)2− 4W−µ W+ µ(Aν)2
− 2AνAµW− µW− ν + 4AνAµW− µW+ ν − 2AνAµW+ µW+ ν]
80
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W2µνW
2 µν =
sinθ2W g
2
2
[2(W+ν )
2(Aµ)2 + 2(W−ν )2(Aµ)2 + 4W−ν W+ ν(Aµ)2
− 2AνAµW+ νW+ µ − 4AνAµW− µW+ ν − 2AνAµW− µW− ν]
and the Lagrangian is
LWWγγgauge = −14W
i
µνW
i µν − 1
4
BµνBµν =
= sinθ2W g
2[AνAµW− µW+ ν −W−ν W+ ν(Aµ)2] (B.8)
One can derive that the structure of the gauge part of the SM Lagrangian,
Lgauge = −14 FµνF
µν − 1
2
W+µνW
− µν − 1
4
ZµνZµν
+ W+W−A + W+W−Z + W+W−ZZ + W+W−AA
+ W+W−ZA + W+W−W+W− (B.9)
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AppendixC
The Delta Function
Approximation
Consider the function,
f (x) =
1
pi
a
(x− x0)2 + a2 . (C.1)
The integral
∞∫
−∞
1
pi
a
(x− x0)2 + a2 dx = 1. (C.2)
If x = x0, than f (x) → ∞, and if x 6= x0, f (x) → 0 for a → 0. Thus the
function f (x) has the property,
1
pi
a
(x− x0)2 + a2 → δ(x− x0), when a→ 0. (C.3)
In the equation (2.13) a = mΓ, x0 = m2 and x = x1x2s. We can replace it
on the delta-function inside the integral of x2.
If the value at x2 = 0 is much less than the value of x2 at the highest point,
then
1
m4 + m2Γ2
<
α
m2Γ2
, for α 1. (C.4)
It implies the following condition
m Γ. (C.5)
This approximation is called the narrow width approximation.
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AppendixD
Cross Section
From the Quantum Mechanics it is known that the decay rate is defined
as
dΓ = (2pi)4|M|2δ(4)(p f − pi)∏
i
1
2Ei
∏
f
d3p f
(2pi)32E f
V1−ni , (D.1)
where M is the matrix element, pi and p f are the four momentums of
an initial and final states, V is a volume and ni is a number of an initial
particles.
In particular case, when we have two particles with momentums p1 and
p2 in the initial state, and two particles with momentums p3 and p4 in the
final state, the decay rate is the following,
dΓ = (2pi)4|M|2δ(4)(p3 + p4 − p1 − p2) 12E12E2
d3p3
(2pi)32E3
d3p4
(2pi)32E4
V−1.
(D.2)
By definition the cross section is defined as
dσ =
dΓ
|j| , (D.3)
where |j| = |v1 − v2|/V.
Thus,
dσ =
(2pi)4
|v1 − v2| |M|
2δ(4)(p3 + p4 − p1 − p2) 12E12E2
d3p3
(2pi)32E3
d3p4
(2pi)32E4
.
(D.4)
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86 Cross Section
In the CM frame p1 + p2 = 0, the initial four momentums are p
µ
1 =
(E1, 0, 0, p1) and p
µ
2 = (E2, 0, 0, p2).
It can be showed that,
E1E2|v1 − v2| = |p1|
√
s =
√
(p1 · p2)2 −m21m22, (D.5)
and substituting this expression into the cross section one can get,
dσ
d3p3d3p4
=
(2pi)4
4
√
(p1 · p2)2 −m21m22
|M|2δ(4)(p3+ p4− p1− p2) 1(2pi)3 2E3
1
(2pi)3 2E4
.
(D.6)
Integrating it we get,
dσ
dΩ
=
1
64pi2
√
(p1 · p2)2 −m21m22
∫
|M|2δ(√s− E3 − E4)δ(3)(p3 + p4) p
2
3dp3
E3
d3p4
E4
=
=
1
64pi2
√
(p1 · p2)2 −m21m22
∫
|M|2 δ(
√
s− E3 − E4)√
m23 + p
2
3
p23dp3√
m24 + p
2
3
.
To take this integral let us use the following property of the delta func-
tion
δ( f (x)) =
∑
i
δ(x− xi)
| f ′(xi)| , (D.7)
where the sum extends over all roots of f (x).
Thus,
δ(
√
s− E3 − E4) = δ(p3 − |pi|)E3E4pi(E3 + E4) , (D.8)
where
|pi| = 12√s
√
s2 − 2(m23 + m24)s + (m23 −m24)2. (D.9)
Finally we obtain the result for the differential cross section for two-body
decay,
dσ =
|M|2
64pi2
√
(p1 · p2)2 −m21m22
1√
s
|pi|dΩ . (D.10)
86
Version of May 31, 2016– Created June 2, 2016 - 14:05
AppendixE
Luminosity
The number of events per unit time is the product of the cross section and
the luminosity
dN
dt
= σ× L, (E.1)
where N is the number of events, L is the luminosity and σ is the cross
section. For the High Energy Collider Physics for two bunches containing
n1 and n2 particles colliding head-on with a frequency f , the luminosity is
given by
L = f
n1n2
4piσxσy
, (E.2)
where σx and σy characterize the Gaussian transverse beam profiles in the
horizontal and vertical directions.
By integrating (E.1) we get
N = σ×L , (E.3)
where N is the number of the observed events and L is the integrated lumi-
nosity.
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AppendixF
Comparing the Decay Width via a
Real and Virtual Particle
s, p
a, q
a, k3
γ, k1
γ, k2
Figure F.1: Feynman diagram for the heavy scalar particle decaying into two pho-
tons and the ALP.
The matrix element for the process, when the scalar particle s decays into
two ALPs, one of them decays into two photons and another one does not,
is
iM = 2
f
(q · k3) iq2 −M2a + iMaΓa
6iαcγ
pi f
eαµβνk1αk2βeµ(k1)eν(k2). (F.1)
The decay width, from the physical point of view, should be the order
of the process when the heavy scalar particle s decays into two ALPs
(2.46), as we assume that ALP with a high probability decays into two
photons,
Γs→aa ∼ Γs→aγγ . (F.2)
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90 Comparing the Decay Width via a Real and Virtual Particle
The corresponding square of the matrix element (F.1) is
|M|2 = 4
f 2
(q · k3)2 1
(q2 −M2a)2 + M2aΓ2a
36α2c2γ
pi2 f 2
eαµβνk1αk2β×
× eα′µ′β′ν′k1α′k2β′eµ(k1)eν(k2)eµ′(k1)eν′(k2) =
=
4
f 2
(q · k3)2 1
(q2 −M2a)2 + M2aΓ2a
36α2c2γ
pi2 f 2
×
× eαµβνk1αk2βeα′µ′β′ν′k1α′k2β′gµµ′gνν′ =
=
4
f 2
(q · k3)2 1
(q2 −M2a)2 + M2aΓ2a
36α2c2γ
pi2 f 2
2(k1 · k2)2 =
=
18α2c2γ
pi2 f 4
(M2s − q2)2q4
(q2 −M2a)2 + M2aΓ2a
.
In the case when a particle of mass M decays into three particles with
masses m1, m2 and m3, we have the general formula for the decay width,
dΓ =
1
(2pi)3
1
32M3
|M|2dm212dm223, (F.3)
where m2ij one can express in terms of the four-momentums as m
2
ij = (pi +
pj)2 for i 6= j.
It can be showed that
(mi + mj)2 ≤ m2ij ≤ (M−mk)2. (F.4)
Let us fixed the value of m212 which can change as
(m1 + m2)2 ≤ m212 ≤ (M−m3)2, (F.5)
and m223 can not be an arbitrary. It has its maximum and minimum val-
ues,
m223,max/min =
M2 + m21 + m
2
2 + m
2
3 −m212
2
+
+
(M2 −m23)(m22 −m21)± λ1/2(M2, m23, m212)λ1/2(m212, m21, m22)
2m212
, (F.6)
where λ(a, b, c) = a2 + b2 + c2 − 2ab− 2bc− 2ac.
90
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In our case we get the decay width
Γ =
1
2
1
(2pi)3
1
32M3s
18α2c2γ
pi2 f 4
M2s∫
0
dq2
M2s−m212∫
0
dm223
(M2s − q2)2q4
(q2 −M2a)2 + M2aΓ2a
, (F.7)
where q2 = (k1+ k2)2. The factor of 1/2 is because of the identical particles
in the final state,
We can estimate this integral, separating it into two terms, for small value
of q and for q M2a
• For q2 ∼ M2a we can use the delta function approximation (see ap-
pendix C) which is valid when Ma  Γa, and get the property of the
delta function, which we can use inside the integral (F.7)
lim
Γa→0
MaΓa
pi[(q2 −M2a)2 + M2aΓ2a]
→ δ(q2 −M2a). (F.8)
Thus we get the same result for the decay width as we obtained for
the decaying of s into two ALPs (2.46),
Γ1 =
M3s
16 f 2pi
. (F.9)
• For the large values of q2  M2a , we neglect the mass and the decay
width of the ALP,
Γ2 =
1
2
1
(2pi)3
1
32M3s
18α2c2γ
pi2 f 4
M2s∫
0
dq2
M2s−m212∫
0
dm23(M2s − q2)2. (F.10)
Integrating it, one can get
Γ2 =
9α2c2γM5s
3072pi5 f 4
. (F.11)
Summing it all together we find the decay width,
Γ = Γ1 + Γ2 =
M3s
16 f 2pi
+
9α2c2γM5s
3072pi5 f 4
. (F.12)
The second term from the unitarity should be much less than the first
one.
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